Nitrides and oxynitrides exhibit great potential for novel material development, since their electronic structures can be controlled by tuning the amounts of air-abundant nitrogen and oxygen elements therein. However, the above control methods still need to be developed, and the crystal and electronic structures of the produced nitrides/oxynitrides need to be understood. Herein, I summarize the recent progress in nitride and oxynitride synthesis, highlighting novel low-temperature nitridation of oxides by molten NaNH 2 , and attempt to rationalize the crystal and electronic structures of nitride and oxynitrides. Moreover, I describe how the catalytic activity of manganese oxynitrides in the oxygen reduction reaction can be enhanced by tuning their nitrogen content and thus their electronic structures.
Introduction: background and challenges of nitrides and oxynitrides
Most traditional and novel ceramics are based on oxides with oxygen anion (O 2¹ ) since oxides are often thermodynamically stable and can be synthesized by high-temperature heating in air. Meanwhile, nitrides and oxynitrides contain nitrogen anion (N 3¹ ), of which ion radius (1.46 ¡ 1) ) is close to that of oxygen anion (1.38 ¡
1)
). Thus, nitrides and oxynitrides may be viewed as a simple extension of oxides, with oxygen anions (partially) substituted by nitrogen anions. It follows that the electronic structures of nitrides and oxynitrides can be modified by tuning the contents of oxygen/nitrogen anions, with the resulting variety of electronic structures being advantageous for fabricating functional materials such as blue light-emitting diodes based on GaN and (Ga,In)N, 2),3) superconductors based on NbN and ZrNCl, 4)6) SiAlON-based refractory materials and phosphors, 7) , 8) optically active materials including pigments, UV absorbers, and photocatalysts, 9)12) and ferromagnetic materials. 13 ), 14) However, the number of materials based on nitrides and oxynitrides is still much less than that of their oxide-based counterparts.
Nitrides are less thermodynamically stable than oxides due to the high stability of molecular nitrogen, which contains a triple bond. 15) Therefore, high-temperature heating of nitrides under ambient pressure often results in either partial or total loss of nitrogen anions due to the entropy increase associated with the formation of N 2 gas 15) [Eqs. (1) and (2)].
MN ! M þ 0:5N 2 ðM: metalÞ ð1Þ
The triple bond in molecular nitrogen (941 kJ/mol) is much stronger than the double bond in molecular oxygen (500 kJ/mol), accounting for lower formation energies of nitrides compared to those of oxides. 15) As a result, the formation of an oxide and a nitrogen molecule is more thermodynamically favorable than that of a nitride and an oxygen molecule [Eq. (3)].
Hence, nitridation of oxides cannot be achieved by thermal treatment in an atmosphere of air or nitrogen. However, oxides can be converted to nitrides or oxynitrides by heating in a flow of ammonia, which is thermodynamically driven by the formation of water [¦G f (H 2 O) = ¹228.6 kJ/mol 16) ] from ammonia gas [¦G f (NH 3 ) = ¹16.4 kJ/mol 16) ] [Eq. (4)]. Moreover, water is purged from the reaction system by the ammonia flow, making the formation of nitrides even more preferable. Accordingly, this approach utilizes large amounts of ammonia gas. Figure 1 shows typical synthesis methods of nitride and oxynitride categorized according to their pressure and temperature requirements. High pressure of nitrogen gas shifts the equilibriums presented in Eqs. (1) and (2) to the left. Thus, high pressure is useful to stabilize nitrogen anions even in high temperature. From the kinetic point of view, high temperature results in fast diffusion of oxygen and nitrogen anions to form nitrides/oxynitrides. Hence, high-temperature and high-pressure method is attractive for the synthesis of nitrides and oxynitrides. 17)22) However, this approach is energy-consuming and requires specialized reactors. Multi-anvil presses can be used to explore high-pressure chemistry, but produces a rather small amount of products.
Although low temperatures stabilize nitrogen anions in nitrides/oxynitrides, they often limit nitridation rates. Thus, the use of solution-or vapor-phase processes is required to enhance reaction kinetics, as exemplified by Na flux 23)25) and ammonothermal methods, 26) ,27) which allow nitrides/oxynitrides to be successfully synthesized at moderate temperatures and pressures. Moreover, these processes can afford metastable phases and are useful for preparing powders and bulk single crystals.
Vapor-phase reactions, e.g., chemical vapor deposition and vaporsolid reactions, can produce a range of nitrides and oxynitrides with various phases and morphologies. For instance, the heating of silicon/gallium oxides with carbon in a flow of nitrogen/ammonia forms the corresponding nitrides.
28)33) In these reactions, carbothermal reduction results in CO gas evolution, with N 2 /NH 3 acting as nitridation agents. Nitrides and oxynitrides are prepared by heating oxides in a flow of NH 3 at a controlled heating temperature for a certain time. 34) 41) The flow rate of ammonia gas is also important to control the partial pressures of ammonia, intermediates (e.g., NH 2 and NH 42) ), and the H 2 O byproduct. 43 ),44) However, these vapor-phase reactions often require moderate temperatures and large amounts of ammonia gas. Physical vapor deposition (PVD) techniques include sputtering and pulsed laser deposition, 45) , 46) enabling the fabrication of thin films at low temperatures. Recently, nitrides have been rapidly synthesized at room temperature by reacting oxides with N 2 plasma. 47) However, large-scale PVD-based synthesis is challenging, commonly requiring high-vacuum conditions.
In order to control composition and structure of oxynitrides/ nitrides, the decrease in synthesis temperature would be attractive. Low-temperature approaches for the synthesis of nitride nanoparticle involve the reactions with halides with NaNH 2 , NaN 3 , Li 3 N and LiNH 2 48)55) Very recently, a perovskite oxynitride, BaTaO 2 N, is synthesized from Ba(OH) 2 , TaCl 5 and NaNH 2 at 220°C, which is significantly lower than the reported method using oxides and NH 3 gas. 56) Another alternative approach features the thermal decomposition of complexes containing NH 2 ¹ or N 3¹ . 57),58) Microwave reactions are also reported, which lower the required reaction temperature and/or time. 43 ),44) Low-temperature synthesis exhibits the additional advantage of producing metastable phases. For example, AgTaN 2 , in which linear NAgN bonding with antibonding states exist below the Fermi level, can be synthesized by a topotactic reaction between NaTaN 2 and AgNO 3 at ³200°C.
59),60)
Other challenging issues are of theoretical nature, e.g., the role of nitrogen content in controlling crystal and electronic structures. Assuming that the crystal structure of a given oxide does not change after substituting oxygen anions with nitrogen anions, the following electronic structure changes are expected.
(i) Anions are the major contributors to the top valence band levels of semiconductors. Thus, the introduction of nitrogen reduces the corresponding band gap, since the energy state of nitrogen is higher than that of oxygen. 61) (ii) Since nitrogen-metal bonds exhibit more covalent character than metal-oxygen ones, 61) the conduction band of nitrides/oxynitrides is more dispersed, and their electron mobility is increased.
(iii) Nitrogen has fewer electrons than oxygen, which generally reduces the energy of the Fermi level and increases cation valences. In practice, however, the incorporation of nitrogen anions often significantly changes the coordination of cations, thus altering the corresponding crystal structures. Hence, analysis of simple structures, e.g., NaCl-type ones, is essential for understanding how nitrogen anions affect chemical bonding and electronic structures. Moreover, the development of (oxy)nitride design principles based on the control of chemical bonding and electronic structure is highly desirable to create new functional materials.
In this review, I introduce the recent advances in low-temperature syntheses of nitrides and oxynitrides, highlighting a novel method utilizing molten NaNH 2 , and rationalize NaCl-type structures of oxides, nitrides, and carbides. In addition, I describe the enhanced catalytic activities of nitrogen-rich manganese oxynitrides as an example of successful material design based on electronic structure and property tuning.
Low-temperature nitridation of oxides using NaNH 2
Although nitridation of oxides is often performed at high or moderate temperatures in a flow of ammonia or nitrogen, lowtemperature nitridation has the potential to produce nitrides/ oxynitrides with controlled morphologies and compositions, which may not be obtained by high or moderate temperatures. However, this low-temperature process involves the cleavage of strong metal-oxygen bonds and requires formation of metalnitrogen bonds at an acceptable rate even at low temperature. Recently, our group have developed a new nitridation process based on the use of NaNH 2 , which is commercially available, relatively inexpensive (³10,000 JPY/kg), and has a suitably low melting point (³210°C). Although NaNH 2 has been previously used for the nitridation of metals and oxides, this process requires temperatures above 500°C. 62)66) Conversely, our novel method allows low-temperature nitridation, using solid oxide/sodium amide powder mixtures in a closed system, with reaction control achieved without relying on a flow of ammonia.
The above nitridation is performed in three steps. First, oxide powders loaded into a steel crucible together with excess NaNH 2 are placed in an Ar-or N 2 -filled glove box. Second, the crucible is heated in a closed system, typically in an autoclave, which can be Teflon-lined for reactions below ³260°C. After heating, excess NaNH 2 and the NaOH byproduct are removed using ethanol or ethanol/water, and the obtained product is dried. This approach allows successful nitridation of iron, manganese, copper, and indium oxides below 300°C (Fig. 2) . 67)70) Notably, NaNH 2 reacts violently with water, requiring careful handling. Figure 3 shows SEM images of Fe 3¹x N particles after nitridation. 68) Low-magnification SEM images show that the particle shape does not significantly change after heating, whereas highmagnification SEM images show the presence of smaller particles, attributed to the decrease in the number of anions by the replacement of oxygen anions by less nitrogen anions. Nitridation of manganese and copper oxides was similar to that of iron oxides, i.e., low-magnification SEM images indicated unchanged morphologies, with high-magnification SEM images detecting the presence of smaller particles. 68),69) As expected, the surface of the produced nitrides was covered with oxides and/or hydroxides, as shown in Eq. (3). 68) On the other hand, nitridation of irregularlyshaped LiInO 2 produced hexagonal InN crystals (Fig. 4) , 67) suggesting a dissolution-reprecipitation mechanism of InN crystal growth. The addition of Teflon pieces enhanced the kinetics of LiInO 2 nitridation, presumably via formation of intermediates. 70) Nitridation by NaNH 2 is thermodynamically driven by the formation of NaOH as a byproduct, as exemplified by the case of Fe 2 O 3 .
68)
1:5Fe 2 O 3 þ 4:5NaNH 2 ! Fe 3 N þ 4:5NaOH þ N 2 þ 1:5NH 3 ð5Þ
As described above, the strong triple bond in molecular nitrogen destabilizes nitrides with respect to oxides in terms of Gibbs free energy of formation (Fe 3 N: ¹30 kJ/mol; 71),72) Fe 2 O 3 : ¹744.8 kJ/mol 16) ). However, this reaction [Eq. (5)] is driven by large formation energy of a sodium hydroxide byproduct (NaOH: ¹379.49 kJ/mol 16) ), with the change in the Gibbs free energy equaling ¹269 kJ/mol. 68) Moreover, the concentration of NH 2 in molten NaNH 2 is ³500 times higher than that of NH 3 in commonly used NH 3 gas, enhancing nitridation. Additionally, the single NH bonds of sodium amide are better suited for nitride formation than the triple bond of N 2 . Although the reactivity of NaNH 2 toward oxygen and moisture necessitates handling it in an atmosphere of dry Ar or N 2 , NaNH 2 is thus useful as a nitrogen source for low-temperature nitridation.
Chemical bonding and crystal structures
of NaCl-type carbide, nitrides and oxides NaCl-type structures can be used as a simple model to examine how nitrogen anions affect chemical bonding and structures. 73) Niobium carbide, nitride, and monoxide exhibit NaCl-type structures, being formally described as NbX (X = C, N, O). NbC and NbN adopt a sixfold-coordinated structure, 74) , 75) whereas NbO adopts a fourfold-coordinated structure, with a quarter of the vacancies present at both Nb and O sites (Fig. 5) .
76) The unique structure of NbO cannot be explained using a simple ionic model. 77) Experimentally obtained structures of NbC and NbN presumably contain vacancies, but there are e no reports regarding the vacancies at both Nb and X sites in these species. Figure 6 shows the calculated bond lengths and formation energies of NbX, assuming that the same proportion of Nb and X sites form vacancies in each species. Specifically, vacancyfree NbX forms a sixfold-coordinated NaCl structure, and NbX containing 25% vacancies forms a fourfold-coordinated NbO structure.
73) The plot of bond length vs. vacancy concentration (025%) exhibits the largest slope in the case of NbO, followed by NbN, with the least value observed for NbC. Thus, increasing the atomic number of X tends to increase the rate of bond shortening upon vacancy introduction. Although the formation of these vacancies destabilizes NbC, it stabilizes NbO. Up to a vacancy content of 12.5%, the formation energies hardly change in NbN, indicating that the introduction of vacancies into NbN is not thermodynamically difficult. Figure 7 shows the electron densities of NbX derived from synchrotron X-ray diffraction data, revealing that the orbitals in fourfold-coordinated NbO are more hybridized than those in sixfold-coordinated NbC. 73) Hence, bonding in NbO is more covalent in character than that in NbC. Greater hybridization in NbO than that in NbC is supported by crystal orbital Hamilton population analyses based on theoretical data, 78) which suggests that although NbNb interactions significantly affect the crystal structure, the contribution of NbNb bonding is less significant than that of NbX bonding. Hence, increasing the atomic number of X from C to O results in increased hybridization and reduced NbX bond length and coordination number.
Two-dimensionally layered NaCl-type oxides/nitrides often adopt sixfold-coordinated structures with either octahedral or trigonal prismatic coordination (Fig. 8) . For example, NaNbN 2 consists of alternating NaN 6 and NbN 6 octahedra, 63) whereas NaNbO 2 features alternating NaO 6 octahedra and NbO 6 trigonal prisms. 79) Structural differences between octahedral and trigonal prismatic coordination have been theoretically studied for layered sulfides and selenides by Kertesz and Hoffmann, 80) who showed that the count of d electrons and interactions of d-orbitals are key factors influencing these structural changes. Thus, layered ABX 2 oxides/oxynitrides/nitrides need to be further investigated to develop and characterize related materials. Figure 9 shows the energy differences between trigonal prismatic and octahedral coordination of layered Nb and Mo oxides/ oxynitrides/nitrides in terms of d-electron counts based on density functional theory (DFT) calculations, revealing that electron counts of 12.4 favor trigonal prismatic coordination, with other counts (up to a maximum of 3) favoring octahedral coordination. 81) Trigonal prismatic coordination increases the hybridization of d-orbitals, stabilizing the corresponding structures formed by non-closed-packed anions, which can be experimentally visualized using XRD-derived electron density data. 81) The experimentally obtained structures of Nb-, Mo-, Ta-, and W-based layered oxides/oxynitrides/nitrides agree with the electron count results. 81 4. Correlation between electronic structure and catalytic activity of manganese oxynitrides in the oxygen reduction reaction (ORR)
In this section, I introduce an example showing the relationships between nitrogen/oxygen content, electronic structure, and functionality of oxynitrides, providing helpful insights to facilitate the development and design of novel oxynitride materials. 90) Catalysts for the ORR in alkaline solution (O 2 + 2H 2 O + 4e ¹ ¼ 4OH ¹ ) have been extensively studied, being key materials for the production of fuel cells and metal-oxygen batteries. Although (oxy)nitride ORR catalysts have been recently reported, 91)95) the corresponding catalytic mechanism and design principles have not been fully characterized, in contrast to those of oxide catalysts. For instance, the correlation between electronic structures and ORR activity has been studied for perovskite-structured LaMO 3 compounds (M = 3d-metal).
96)101) Perovskite oxides comprise metal-oxygen octahedra, the electronic structures of which can be described in terms of t g and e g states. Suntivich et al. have reported that close-to-single-electron occupancy of e g states, e.g., in LaMnO 3 , favors electron transfer during the ORR cycle. 101) Oxides, oxynitrides and nitrides with NaCl-type structures are similar to perovskite oxides in terms of metal-anion octahedra and electronic structures, i.e., both MnO and MnN x (x ² 2/3) adopt NaCl-type structures comprising metal-oxygen/ nitrogen octahedra. 102) Moreover, stoichiometric MnN theoretically possesses a single electron in the e g state, similarly to LaMnO 3 (Mn 3+ ; Fig. 10 ). Therefore, manganese oxynitrides with different N/O contents are suitable octahedral models for examining the effect of nitrogen on ORR activity. 90) Three manganese oxynitrides with different nitrogen contents synthesized by reacting manganese oxides with NaNH 2 were characterized by O/N combustion analysis and X-ray diffraction/ absorption, with their catalytic activities evaluated in the ORR reaction. The above analyses showed that increased nitrogen content reduced the number of anion site vacancies and increased the lattice parameters of NaCl-type structures ( Table 1) , 90) also increasing the valence of manganese and enhancing ORR catalytic activity (Fig. 11) . The increased ORR catalytic activity was explained by close-to-single-electron occupancy of e g states, similarly to the case of perovskite oxides. 90) Furthermore, the greater covalent character of MnN bonding may also improve catalytic activity due to enhanced electron mobility and increased energies of e g states. 90) Overall, the obtained results suggest that tuning the electronic structures of oxynitrides by changing their N/O contents is a useful general strategy for developing novel functional materials.
Summary
Although nitrides and oxynitrides are promising compounds for the development of novel functional materials, exhibiting electronic structures that can be tuned by N/O content adjustment, their synthesis and property rationalization remain challenging. In this review, I describe a recently developed method for low-temperature (oxy)nitride synthesis using molten NaNH 2 and oxides as starting materials. The above protocol allows one to prepare nitrides and oxynitrides that may not be obtained using high-temperature approaches. Structural analyses of NaCl-type structures based on XRD and DFT characterizations reveal the relationships of chemical bonding and crystal/electronic structures of carbides, nitrides, and oxides. Moreover, I propose an ORR oxynitride catalyst design principle similar to that used for oxides, suggesting that oxynitrides can potentially exhibit greater catalytic activities due to their favorable electronic structures and high metal-nitrogen bond covalency. I believe that new synthesis methods and design principles can bridge the gap between oxide and nitride chemistry and contribute to the development of novel functional nitrides and oxynitrides. [b] 0.998 (6) 0.889(9) 0.779(1) Mn valence [c] 3.0 2.8 2.4
[a] Combustion analysis; calculated from measured values for N and O, and residuals for Mn.
[b] Derived from Rietveld analysis, assuming that anion sites are occupied only by nitrogen and that cation sites are fully occupied by manganese.
[c] Estimated values from Mn K-edge X-ray absorption. 
